The ability of Escherichia coli O157:H7 to induce cellular damage leading to disease in humans is related to numerous virulence factors, most notably the stx gene, encoding Shiga toxin (Stx) and carried by a bacteriophage. Loss of the Stx-encoding bacteriophage may occur during infection or culturing of the strain. Here, we collected stx-positive and stx-negative variants of E. coli O157:H7/NM (nonmotile) isolates from patients with gastrointestinal complaints. Isolates were characterized by whole-genome sequencing (WGS), and their virulence properties and phylogenetic relationship were determined. Because of the presence of the eae gene but lack of the bfpA gene, the stx-negative isolates were considered atypical enteropathogenic E. coli (aEPEC). However, they had phenotypic characteristics similar to those of the Shiga toxin-producing E. coli (STEC) isolates and belonged to the same sequence type, ST11. Furthermore, EPEC and STEC isolates shared similar virulence genes, the locus of enterocyte effacement region, and plasmids. Core genome phylogenetic analysis using a gene-by-gene typing approach showed that the sorbitolfermenting (SF) stx-negative isolates clustered together with an SF STEC isolate and that one non-sorbitol-fermenting (NSF) stx-negative isolate clustered together with NSF STEC isolates. Therefore, these stx-negative isolates were thought either to have lost the Stx phage or to be a progenitor of STEC O157:H7/NM. As detection of STEC infections is often based solely on the identification of the presence of stx genes, these may be misdiagnosed in routine laboratories. Therefore, an improved diagnostic approach is required to manage identification, strategies for treatment, and prevention of transmission of these potentially pathogenic strains. E scherichia coli of serotype O157:H7 was first recognized in 1982 as a human pathogen associated with outbreaks of bloody diarrhea in the United States and is now considered a major cause of foodborne infections (1, 2). The virulence of E. coli O157:H7 depends on the presence of a number of mobile genetic elements (MGE), such as Shiga toxin (Stx)-converting bacteriophages carrying different genes encoding Stx1 and Stx2, the virulence plasmid pO157, the locus of enterocyte effacement (LEE), O islands, an arginine translocation system, and various adhesion factors (3). In Stx-producing E. coli (STEC), Stx is thought to be responsible for the most severe form of the infection causing the lifethreatening hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS) (4). Strains causing these clinical symptoms are also known as enterohemorrhagic E. coli (EHEC) strains (5). The genes encoding Stxs (stx 1 and stx 2 ) are found in lysogenic lambdoid bacteriophages (6), which can integrate into the host chromosome via specific insertion sites. Integration sites for stx 2 -converting phages in STEC O157:H7 include wrbA, argW, sbcB, and yecE, whereas stx 1 -converting phages integrate in the yehV region (7-11).
E
scherichia coli of serotype O157:H7 was first recognized in 1982 as a human pathogen associated with outbreaks of bloody diarrhea in the United States and is now considered a major cause of foodborne infections (1, 2) . The virulence of E. coli O157:H7 depends on the presence of a number of mobile genetic elements (MGE), such as Shiga toxin (Stx)-converting bacteriophages carrying different genes encoding Stx1 and Stx2, the virulence plasmid pO157, the locus of enterocyte effacement (LEE), O islands, an arginine translocation system, and various adhesion factors (3) . In Stx-producing E. coli (STEC), Stx is thought to be responsible for the most severe form of the infection causing the lifethreatening hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS) (4) . Strains causing these clinical symptoms are also known as enterohemorrhagic E. coli (EHEC) strains (5) . The genes encoding Stxs (stx 1 and stx 2 ) are found in lysogenic lambdoid bacteriophages (6) , which can integrate into the host chromosome via specific insertion sites. Integration sites for stx 2 -converting phages in STEC O157:H7 include wrbA, argW, sbcB, and yecE, whereas stx 1 -converting phages integrate in the yehV region (7) (8) (9) (10) (11) .
STEC O157:H7 strains generally do not ferment sorbitol (nonsorbitol-fermenting [NSF] strains), and this feature is widely used to identify these pathogenic strains. Nevertheless, sorbitol-fermenting (SF) STEC O157:NM (nonmotile) strains, as an emerging and important pathogen in Europe, have been isolated from patients with HUS and diarrhea (12) . Both SF and NSF O157: H7/NM strains are thought to have evolved from a common nonpathogenic ancestor of serotype O55:H7 following the modification of the O-antigen gene cluster and the acquisition of a number of virulence-associated MGE via horizontal gene transfers (13) . The most current and accepted evolutionary model proposes that E. coli O157:H7 lost the O55 rfb-gnd gene cluster and acquired the Stx2 bacteriophage and the O157 rfb-gnd gene cluster. Subsequently, SF stx 2 -producing E. coli O157 separated from this lineage. After the diversification of the two lineages, E. coli O157:H7 acquired stx 1 via acquisition of the bacteriophage containing the stx 1 gene and lost the ability to ferment sorbitol, while the sorbitolfermenting stx 2 -producing E. coli O157 lost its motility and evolved into nonmotile E. coli O157:NM (14, 15) . Most E. coli O157 isolates produce a large outer membrane protein, intimin (encoded by the eae gene), which is the genetic determinant of the formation of attaching and effacing (A/E) lesions, a central mechanism in the pathogenesis of enteropathogenic E. coli (EPEC) (16) . Strains containing eae but not stx are categorized as EPEC (17) .
As described in previous studies, stx-negative E. coli O157: H7/NM isolates were obtained from patients with HUS and diarrhea. It was assumed, especially for the HUS cases, that these patients were originally infected with an EHEC strain and that excision of the Stx bacteriophage occurred during the infection. Those stx-negative O157:H7/NM isolates appeared to be closely related to stx-positive O157:H7 isolates as determined by conventional molecular typing methods (18) (19) (20) (21) . In this study, wholegenome sequencing (WGS) was used to obtain a more detailed molecular characterization of stx-negative E. coli O157:H7/NM isolates and to reveal their genetic relationship with stx-positive O157:H7 isolates obtained from patients with gastrointestinal complaints.
MATERIALS AND METHODS
Selection of isolates for the study. Fecal samples were collected from patients with gastrointestinal complaints in the regions of Groningen and Rotterdam during the period April 2013 to March 2014 as part of a large multicenter study (STEC-ID-Net, unpublished data). Samples were screened for the presence of stx 1 , stx 2 , and escV (used as an alternative marker for the LEE instead of the eae gene) and for O-serogroup determination (O26, O103, O104, O111, O121, O145, and O157) by real-time PCR as described previously (22) . This resulted in the collection of 34 E. coli O157 isolates (with or without stx) from 34 different patients. PCR for the detection of the fliC H7 gene was performed as described before (23), and only the isolates positive for fliC H7 were then subjected to WGS.
The publically available genomes of E. coli O157:H7 strains Sakai, EDL933, and SS52, E. coli O157:H45 strain C639_08, E. coli O127:H6 strain E2348/69, and E. coli O55:H7 CB9615 were also included in the comparative analysis. Moreover, as no complete genomes of SF STEC O157:NM and stx-negative O157:H7/NM were available in the NCBI database when the study was performed, we sequenced the genomes of one SF STEC O157:NM (E09/10) strain and one stx-negative O157:NM (E09/ 224) strain and included them as control strains in all the analyses. The information on the isolates used in this study is presented in Table S1 in the supplemental material.
Phenotypic characterization. Sorbitol fermentation was determined using CT-SMAC (sorbitol MacConkey agar with cefixime and tellurite) plates, and motility was tested using motility test medium with triphenyltetrazolium chloride (Mediaproducts BV, Groningen, the Netherlands). The production of beta-glucuronidase and urease was checked using MacConkey II agar with 4-methylumbelliferryl-␤-D-glucuronide (MUG) (BD Diagnostics, Breda, the Netherlands) and urea-triple sugar iron (TSI) agar (Mediaproducts BV, Groningen, the Netherlands), respectively. The O and H serotypes of the isolates were determined by seroagglutination performed at the National Institute for Public Health and the Environment (RIVM, Bilthoven, the Netherlands).
DNA extraction and WGS. DNA was extracted using the UltraClean microbial DNA isolation kit (Mo Bio Laboratories, Carlsbad, CA, USA) according to the manufacturer's protocol. A DNA library was prepared using the Nextera XT kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions and then run on a MiSeq instrument (Illumina) for generating paired-end 250-bp reads, aiming at a coverage of at least 60-fold.
Data analysis. De novo assembly was performed using CLC Genomics Workbench v7.0.3 (CLC bio A/S, Aarhus, Denmark) after quality trimming (Qs, Ն28) with optimal word sizes based on the maximum N50 value. Annotation was performed by uploading the assembled genome on the RAST server version 2.0 (24). The sequence type (ST) was identified by uploading the assembled genomes to the multilocus sequence type (MLST) server (version 1.7) (25) , and the virulence genes and stx subtypes were determined with virulence finder 1.2 (26) . The serogenotype of the isolates was determined using the CGE SeroTypeFinder tool (27) .
Comparison of the LEE island, plasmids, and other genes. To analyze the sequence homology of the LEE pathogenicity island in the isolates, the contigs of each sample were subjected to a BLAST search against the LEE region of E. coli O157:H7 strain 71074 (accession no. GQ338312) as a reference and plotted by BLAST Ring Image Generator (BRIG) (28) . To identify plasmids, pO157 (accession no. NC_002128) and pOsak1 (accession no. AB011548) of the E. coli strain Sakai and plasmid pSFO157 (accession no. NC_009602) of the E. coli O157:NM strain 3072/96 were used as references for BLAST analyses. For identifying proposed marker genes for differentiating NSF STEC O157:H7/NM from SF STEC O157:NM, including the complete cdt cluster, the complete sequence of efa1, the tellurite resistance-and adherence-conferring pathogenicity island (TAI), and the urease gene cluster (29) , contigs were either subjected to a BLAST search using blastn (http://blast.ncbi.nlm.nih.gov/Blast.cgi) or mapped by CLC Genomics Workbench v7.0.3 using default settings against a reference sequence artificially generated by concatenating sequences of the marker genes.
Phylogenetic analysis. To determine the phylogenetic relationship of the isolates, a gene-by-gene typing approach was performed using SeqSphere ϩ v1.0 (Ridom GmbH, Münster, Germany). Briefly, an in-house defined MLSTϩ (also referred to as core genome [cg] MLST) scheme was developed using the genome of E. coli O157:H7 strain Sakai as reference genome to extract open reading frames (ORFs) from the genome of each isolate by SeqSphere ϩ . Only the ORFs without a premature stop codon and ambiguous nucleotides from contigs of assembled genomes were included. The genes shared by the genomes of all isolates analyzed were defined as the core genome for phylogenetic analysis (30, 31) . A neighborjoining (NJ) tree was constructed based on a distance matrix among the isolates depending on the core genomes of all isolates. Analyzing phage integration sites. The most common and well described Stx phage integration sites for STEC O157:H7/NM were analyzed in our stx-negative isolates to reveal if any phage was occupying these sites or that they were available for future integration of a phage, including one that contains stx genes. Five integration sites were studied: yehV (for the Stx1 phage), wrbA and argW (for the Stx2a phage), sbcB (for the Stx2c phage), and yecE (for the Stx2a phage of SF STEC) (11) . These five loci were identified in the contigs, the adjacent regions were extracted, and the presence of phage integrases was detected using the blastn algorithm.
Accession numbers. This whole-genome shotgun project has been deposited in NCBI under BioProject PRJNA285020. The GenBank accession numbers of the isolates analyzed in this study are LDOZ00000000, LFUA00000000, LFUB00000000, LGAZ00000000, LFUH00000000, LGBA00000000, LGBB00000000, LGBC00000000, LGBD00000000, LGBE00000000, LGBF00000000, LGBG00000000, LGBH00000000, LGBQ00000000, LGBI00000000, LGBJ00000000, LGBK00000000, LGBL00000000, LGBM00000000, LGBN00000000, LGBO00000000, and LGBP00000000.
RESULTS

Selection of isolates.
Among 34 E. coli O157 isolates initially obtained in this study, 16 were STEC (all were fliC H7 positive) and 18 were categorized as EPEC (as they were stx negative but eae positive). Among the 18 EPEC isolates, four O157:H7, eight O157: H16, two O157:H26, and four O157:H39 isolates were identified. For the subsequent comparative study, 20 isolates positive for fliC H7 (16 STEC O157:H7 and 4 EPEC O157:H7/NM) were used.
Phenotype. The phenotypic characteristics of the 20 O157:H7 isolates of this study and the two control strains are shown in Table 1 . The 16 STEC O157:H7 isolates did not ferment sorbitol (NSF) and were beta-glucuronidase negative, whereas among the four EPEC isolates, one (EPEC 287) was NSF and beta-glucuronidase negative. The remaining three isolates (EPEC 393, EPEC 1572, and EPEC 1669) and the control strain (E09/224) were sorbitol fermenting (SF) and beta-glucuronidase positive, as was the SF STEC control strain E09/10 (see Table S1 in the supplemental material). Among the NSF STEC isolates, six of the 16 isolates were nonmotile, as were all SF isolates. All isolates in this study were urease negative.
Molecular typing and presence of virulence genes. stx subtyping of STEC isolates revealed eight (50%) isolates with stx 1a and stx 2c subtypes, two (12.5%) with stx 1a and stx 2a subtypes, and six (37.5%) with the stx 2c subtype only. All isolates contained the O-serotyping gene wzx O157 and the flagellar genes fliC H7 and eae (type gamma) and were assigned to ST11 ( Table 1 ). The virulence profiles of the isolates are shown in Table 2 . All NSF STEC isolates had identical virulence profiles, with exception of isolate STEC 1109, which contained the cdt-V gene, encoding cytolethal distending toxin. Some of the virulence genes, such as serine protease autotransporter-encoding gene espP, toxin-encoding gene toxB, catalase peroxidase-encoding gene katP, the tellurite resistanceand adherence-conferring island (TAI), and the urease gene cluster, were present only in NSF STEC and in the only NSF EPEC isolate but not in any SF isolates. On the other hand, sfpA, the complete efa1, and the cdt gene cluster were present only in SF isolates. The SF EPEC isolates carried almost all the virulence genes carried by the German SF STEC O157:NM isolate, with the exception of the tccP gene (encoding tir cytoskeletal coupling protein), which was present only in SF EPEC isolates. 
LEE pathogenicity island.
All the STEC isolates contained an LEE region highly similar to the LEE of STEC O157:H7 strain 71074, used as a reference. However, some NSF STEC isolates lacked two genes encoding the mobile element proteins orfA and orfB located in the insertion sequence IS911. Three STEC isolates (STEC 2257, STEC 2820, and STEC 2821) did not possess the intL gene, which is known to encode an integrase of the putative prophage 933L carried in the LEEs of other STEC O157:H7 isolates. The sequences of the LEEs of our NSF and SF EPEC isolates were more similar to those of NSF and SF STEC, respectively, than to the LEE of EPEC reference genomes E2348/69 and C639_08 (Fig. 1) .
Plasmids. All the NSF isolates analyzed (including EPEC 287) carried a pO157-like plasmid. No sequence variation was observed in regions carrying putative virulence genes such as, e.g., genes involved in the type II secretion system, hemolysins, toxins, and catalase peroxidase in pO157 of NSF STEC. However, with the exception of the two stx 2a -positive isolates (STEC 2112 and STEC 2868), all STEC isolates lacked the pO157p35 gene, encoding a reverse transcriptase. Only three STEC isolates (STEC 605, STEC 989, and STEC 1109) harbored the plasmid pOSAK1. Among the EPEC isolates, the NSF one (EPEC 287) had almost the intact pO157 plasmid, lacking only an intact espP gene. The SF EPEC isolates contained an almost identical copy of plasmid pSFO157 of SF STEC O157:NM (Fig. 2) .
Phylogenetic analysis. Core genome phylogenetic analysis was performed to evaluate the evolutionary relationship between the stx-positive (STEC) and stx-negative (EPEC) O157:H7/NM isolates. In total, 3,005 ORFs were shared by all isolates analyzed in this study, and these were defined as the core genome for phylogenetic analysis. This analysis separated EPEC C639_08 and EPEC E2348/69 from the O157:H7/NM isolates in this study (Fig. 3) . The latter isolates formed two separated clusters: SF isolates (cluster 1) and NSF isolates (cluster 2). Remarkably, in cluster 1, four SF EPEC isolates (EPEC 393, EPEC 1572, EPEC 1669, and E09/ 224) clustered together with the SF STEC isolate. Cluster 2 (NSF O157:H7 isolates) could be divided into three subclusters: cluster 2a, containing STEC O157:NM (nonmotile) isolates together with one NSF EPEC isolate (EPEC 287); cluster 2b, containing six of the motile STEC O157:H7 isolates; and cluster 2c, containing two stx 2a -positive isolates (STEC 2112 and STEC 2868) clustered closely with two previously described STEC outbreak isolates, Sakai and EDL933 (1, 32) . The last subcluster also included two other motile isolates (STEC 1109 and STEC 989) and STEC O157:H7 strain SS52 (stx 2a and stx 2c positive), isolated from super shedder cattle (33) . Taken together, the data indicate that the EPEC O157:NM isolates clustered with STEC isolates but not with EPEC isolates (Fig. 3) .
Phage insertion sites. In the SF EPEC strains (EPEC 393, EPEC 1572, EPEC 1669, and EPEC E09/224), the phage insertion sites analyzed were intact, with the exception of argW, which was occupied in isolates EPEC 393 and EPEC 1572. In EPEC 287, although yehV and argW were occupied by phages, the wrbA and sbcB loci (integration sites for Stx2a and Stx2c phage, respectively) were unoccupied. A comparison of the different integration sites is shown in Fig. 4 .
DISCUSSION
E. coli O157:H7 is one of the major causes of foodborne illness and represents a considerable public health concern worldwide (34). This study aimed at determining the phylogenetic relationships and comparing the virulence factors of stx-negative E. coli O157: H7/NM with those of stx-positive E. coli O157:H7 with the highest resolution and greatest possible detail using a WGS approach. The E. coli O157:H7 isolates used in this study were obtained from patients with diarrhea and other gastrointestinal complaints from two different regions in the Netherlands (Groningen and Rotterdam). Isolates E09/10 and E09/224 were sequenced and used as control strains for SF STEC O157:NM and stx-negative O157:NM isolates, respectively. As the stx-negative isolates were found to be positive for eae but negative for the bfpA gene, they were considered atypical EPEC. Notably, the EPEC isolates belonged to ST11 and contained type gamma intimin, which are not typical features of EPEC but are frequently associated with STEC O157:H7 (35) .
All STEC isolates shared a similar virulence pattern. Remarkably, all the typical genes (e.g., ehxA, astA, lpfA, katP, etpD, espP, the pathogenicity island TAI, and the urease gene cluster) of NSF STEC O157:H7 described previously were present in EPEC 287. In contrast, SF EPEC isolates possessed the sfp gene cluster, the cdt gene cluster, and the complete efa1 gene but lacked the genes toxB, katP, espP carried on plasmid pO157, the urease gene cluster, and three plasmids shown in the outermost ring by three different colors (black, blue, and orange represent plasmids pO157, pOSKA1, and pSFO157, respectively). The color of the rings represents sequence identity on a sliding scale; the more gray the ring is, the lower the percent identity. Different colors of the rings represent different groups of isolates. The colors of different groups as well as the order of the rings for each isolate (from inner to outer) with the color gradient for sequence identity are shown at the right. the pathogenicity island TAI, which are typical features of SF STEC O157:NM (18, 29) . Subsequent analyses showed that EPEC 287 harbored a pO157 plasmid almost identical to that of the STEC isolates, with sequence variability mostly in mobile genetic elements. The SF EPEC isolates contained a plasmid similar to the pSFO157 present in the SF STEC O157:NM isolate strain 3072/96. Additionally, our NSF and SF EPEC isolates shared an almost identical LEE pathogenicity island with the STEC isolates containing additional ORFs encoding a putative prophage normally not present in the LEE of EPEC (36) . All these results together suggest that the EPEC O157:H7/NM isolates investigated shared a virulence profile similar to that of STEC isolates rather than to the virulence profile of EPEC.
The genetic relationship of the O157:H7/NM isolates of this study was confirmed by the phylogenetic analysis using a gene-bygene comparison by core genome MLST. The NSF EPEC isolate clustered together with the nonmotile NSF STEC isolates, and the three SF EPEC isolates clustered together with the control strain of SF STEC O157:NM. It has already been described that the nonmotile characteristic of SF STEC O157 is due to a 12-bp deletion in the master regulator of flagellar biosynthesis, the flhC gene (37) . We also observed this deletion in the same gene in our nonmotile SF EPEC isolates but not in our nonmotile NSF STEC isolates, further strengthening the hypothesis of their derivation from stxpositive SF O157:NM. Taken together, the results of our analyses provide further evidence that the NSF and SF EPEC isolates were mostly related to the STEC group, but lacking the Stx-converting phages, and might be referred to as EHEC strains that have lost the Shiga toxin (EHEC-LST), as has also been proposed previously (19, 20) . Studying in more detail the typical Stx phage insertion sites (yecE for SF EPEC and wrbA and sbcB for NSF EPEC) revealed that they were unoccupied in the stx-negative isolates. Such unoccupied regions could be an indication of loss of the Stx bacteriophage, e.g., in the course of infection or during isolation or subculture (38) . Conversely, stx-negative strains could be progenitors of STEC prepared to acquire one or more Stx-converting phages (18, 39) . In our case, the stx genes were not lost in the laboratory during isolation or subculture, as they were not detected in the feces of the patients. Therefore, the patients may have been infected with an stx-negative variant, which could explain the mild symptoms they displayed.
In routine diagnostic testing, these stx-negative isolates may be missed, as most microbiological laboratories depend on the molecular screening of STEC by the detection of the stx genes only. Screening for several additional genes (including eae, saa, and sfpA) in routine diagnostics to identify these pathogens has al-ready been proposed (18) . Moreover, our findings bring into question whether classifying pathogenic E. coli into STEC and EPEC based on detection of the stx and eae genes, respectively, is reliable enough. Due to integrating and interchanging mobile genetic elements, e.g., the Stx-converting bacteriophages, which could integrate into several E. coli pathogroups, it is sometimes complicated to precisely define the classification of pathogenic E. coli (40, 41) . Obviously, screening a number of accessory virulence genes of STEC would be laborious for routine diagnostics. In our opinion, screening of at least the fliC H7 gene, together with the O157-encoding gene, may help to identify EHEC-LST of the most virulent clone of EHEC (O157:H7), as all the fliC H7 -positive isolates were genetically related to STEC O157:H7 in this study. Our results are consistent with the finding that the proportion of stx-negative variants among SF O157:NM isolates is generally higher than that among NSF O157:H7 isolates (20, 42) . Nevertheless, the number of isolates studied was too low to draw firm conclusions. However, to our best knowledge, this is the first report where the genetic relationship of stx-negative variants of E. coli O157:H7/NM with stx-positive O157:H7/NM has been confirmed using WGS.
In conclusion, stx-negative E. coli O157:H7/NM strains are a cause of gastrointestinal disease in the Netherlands, and because of the presence of the complete set of accessory virulence genes, these isolates should be considered of public health concern similar to that for their stx-positive variants. Additional diagnostic approaches should be implemented to identify these EHEC-LST isolates for surveillance purposes and to allow appropriate treatment measures and for preventing their transmission.
